Much remains to be discovered about the etiology of heart valve disease and the molecular level mechanisms that drive it. The MAPK/ERK pathway influences calcification in many cell types and has been linked to the expression of a contractile phenotype in valvular interstitial cells (VICs). However, a direct correlation between MAPK/ERK pathway activity and VIC calcification has not been previously described. Thus the role of the MAPK pathway in the calcification of VIC cultures was investigated by measuring ERK activation in both calcifying and noncalcifying VIC environments and then, conversely, analyzing the effects of ERK pathway inhibition on VIC calcification and phenotype. Prolonged elevation of phosphorylated ERK-1/2 was found in calcifying VIC cultures, whereas directly blocking phosphorylation of ERK-1/2 resulted in a dramatic decrease in nodule number, nodule size, and total calcified area. Application of the ERK pathway inhibitor was also associated with a dramatic decrease in apoptosis, which may have contributed to the decreased nodule formation obtained via ERK inhibition. Real-time PCR analysis revealed that calcified samples exhibited significantly elevated expression of several myofibroblastic and osteoblastic markers, while ERK inhibition substantially reduced the expression of these markers, often to levels comparable to the noncalcifying control. These data suggest that the MAPK pathway plays an important role in regulating the phenotype and calcification of VICs, wherein sustained pathway activation is associated with increased VIC calcification. These findings may be used to further elucidate the mechanisms of valvular disease and identify potential treatment targets. heart valve; signaling pathways; extracellular matrix; mineralization ALTHOUGH CALCIFICATION IS the most common problem associated with aortic heart valve disease (21, 30), the molecular level events that underlie this process are not yet clearly understood. The process of calcification is believed to be a highly programmed sequence of different intracellular signaling events, which influence many fundamental cellular functions, such as proliferation, migration, gene transcription, and apoptosis (30, 39). Valvular interstitial cells (VICs) are the most prominent cell type in the native valve leaflet, and these cells play a major role in the process of valve calcification (2, 8).
ALTHOUGH CALCIFICATION IS the most common problem associated with aortic heart valve disease (21, 30) , the molecular level events that underlie this process are not yet clearly understood. The process of calcification is believed to be a highly programmed sequence of different intracellular signaling events, which influence many fundamental cellular functions, such as proliferation, migration, gene transcription, and apoptosis (30, 39) . Valvular interstitial cells (VICs) are the most prominent cell type in the native valve leaflet, and these cells play a major role in the process of valve calcification (2, 8) .
Currently, there exists no FDA-approved treatment to halt the progression of valvular calcification. This is due, in part, to our incomplete understanding of the etiology and mechanisms involved in valvular disease. Thus far, factors such as cytokines (17, 24, 50) , mechanics (31, 32, 51) , and the extracellular matrix (ECM) environment (9, 14, 29) have been shown to influence or regulate valve calcification. Numerous studies have also documented the roles of atherogenic risk factors and genetic predisposition in valve calcification, as reviewed in Refs. 30 and 37, leading to the development of promising in vitro and in vivo experimental models for studying the etiology of valvular disease (37) . The differentiation of VICs to an osteoblast-like phenotype is also believed to significantly contribute to valve calcification (24, 27, 28, 39) , and several studies have confirmed the involvement of the osteogenic Runx2/Cbfa1 and Wnt/Lrp5 signaling pathways in this disease process (3, 30, 37, 38, 46) . However, despite these tremendous advances in our understanding of valve calcification over the last 10 -15 years, much remains to be learned about the relationship between calcification and intracellular events.
The mitogen-activated protein kinase (MAPK) pathway is responsible for conveying information about the extracellular environment to the cell nucleus and is known to play a critical role in osteoblast differentiation and mineralization (9, 10) . MAPKs become activated upon cellular recognition of various growth factors or upon cell adhesion to ECM proteins (11, 53) , and then their signaling diverges into three separate downstream pathways: 1) extracellular-regulated kinases 1 and 2 (ERK-1/2), which are the subject of the present investigation; 2) c-Jun NH 2 -terminal kinases, which regulate cytokine expression; and 3) p38, which primarily affects apoptosis. The MAPK/ERK pathway is involved in a wide range of cellular functions, including transcription, proliferation, migration, survival, differentiation (43, 44) , and, as noted earlier, calcification.
ERK has been shown to positively regulate calcification in various osteoblast and osteoblast precursor cell types (9, 10, 15, 20, 44) , primarily via activation of the Runx2/CBFa-1 (core binding factor-␣1) transcription factor (9) . Inhibition of ERK in these systems has the effect of attenuating osteoblastic differentiation and mineralization. With a few exceptions (23, 36) , most research also points toward a positive correlation between ERK activation and calcification in cells that are not destined to calcify as part of their normal phenotype (i.e., vascular cells). Consistent with the actions of ERK in osteoblasts, several groups have found that ERK activation tends to positively regulate calcification and osteoblastic differentiation in vascular smooth muscle cell cultures (6, 43, 47) . Far less is known regarding the relationship between ERK and heart valve calcification. Serotonin-induced valvular disease has been correlated with upregulation of ERK phosphorylation and signaling (52) . Further motivation for characterizing the ERK/calcification relationship in valves is provided by a recent study that examined ERK-1/2 expression in explanted human valves exhibiting end-stage calcific degeneration (1) . Immunohistological staining of these explanted valves revealed high levels of phosphorylated ERK in calcified samples, while the presence of phosphorylated ERK was undetectable in healthy control valves. This same investigation named stimulation of ERK signaling as a reason for the ineffectiveness of 3-hy-droxy-3-methylglutaryl-CoA reductase inhibitors (statins) at slowing end-stage valvular calcification (1).
As noted above, recent end-point clinical findings support the hypothesis that valve calcification is linked to ERK activity (1) . However, although a few publications have suggested an involvement of ERK in VIC fibrosis (4, 45, 52) , the relationship between ERK activation and VIC dysfunction or calcification remains quite unexplored. In the present study, we describe our work toward achieving a better understanding of the molecular level mechanisms that regulate valve calcification by exploring the role of the MAPK/ERK pathway in VIC dysfunction. Through these investigations, we eventually hope to also identify treatments that prevent or inhibit calcification.
MATERIALS AND METHODS
All chemicals and cell culture solutions were obtained from SigmaAldrich (St. Louis, MO), unless noted otherwise.
VIC isolation and culture. VICs were isolated from porcine aortic valve leaflets (Hormel, Austin, MN) by collagenase digestion, as previously described (18) , and cultured in growth medium (15% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin in medium 199) at 37°C, 5% CO 2 for two to four passages.
Unless otherwise specified, VICs used in all experiments were seeded at a density of 50,000 cells/cm 2 onto 24-well or 96-well plates. During the execution of experiments, the VICs were cultured in low-serum medium (1% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM L-glutamine, in medium 199), and the medium was changed each day until day 5.
Culture substrate coatings. Tissue culture polystyrene (TCPS) plates (24-well or 96-well) were coated with type I collagen (Coll) (Inamed Biomaterials, Fremont, CA; 2 g/cm 2 ), fibronectin (FN, 5 g/cm 2 ), fibrin (FB, 1.5 g/cm 2 ), or left untreated (TCPS). For the FB coating, plates were first incubated overnight at 4°C in fibrinogen (1 mg/ml), followed by three washes with 0.05% Tween 20 in phosphate-buffered saline (PBS) and 1 h incubation with thrombin (0.6 mg/ml) at 37°C (12) . All coatings were prepared in 50 mM bicarbonate coating buffer, pH 8.5, and rinsed three times with PBS before cell seeding. The amounts of adsorbed proteins were measured on separate plates using the bicinchoninic acid protein assay (Pierce, Rockford, IL) to verify adsorption of protein coatings.
ERK-1/2 activation assay. ERK-1/2 activity was assayed using an ELISA-based Dual Detect CELISA Assay Kit for ERK-1/2 (Thr202/ Tyr204)/(Thr185/Tyr187) (Millipore, Danvers, MA), according to the manufacturer's instructions. VICs were cultured on 96-well plates that were coated with the different ECM components mentioned above or left uncoated (TCPS). At days 1 and 5, cells were fixed in 4% formaldehyde in Tris-buffered saline (TBS). Cells were then washed with TBST wash buffer (TBS with 0.05% Tween-20), quenched with 1% H 2O2 in TBST, and blocked using 3% BSA in TBST. Primary antibodies against total ERK (monoclonal mouse anti-ERK, clone MK12) and phosphorylated ERK-1/2 [monoclonal rabbit anti-phospho-ERK-1/2 (Thr202/Tyr204)/(Thr185/Tyr187), clone AW39R] were diluted in blocking buffer and incubated with the samples overnight at 4°C. Plates were washed and incubated for 1 h with the corresponding secondary antibodies for total ERK and phospho-ERK-1/2: horseradish peroxidase (HRP)-labeled goat anti-mouse IgG and AP-labeled goat anti-rabbit IgG, respectively, then developed in HRP and AP chromogenic substrate solutions, respectively, for 30 min. Fluorescence was read at 550/590 nm (excitation/emission) to detect the HRP signal, and 360/460 nm to detect the AP signal (Synergy HT plate reader, Bio-Tek Instruments, Winooski, VT). The HRP readings represent the amount of total ERK in the cells, whereas the AP readings represent the amount of phosphorylated ERK-1/2 (Thr202/ Tyr204)/(Thr185/Tyr187) in the cells. ERK-1/2 activation was expressed as the amount of phosphorylated ERK-1/2 relative to total ERK.
MEK-1/2 inhibition. VICs on the aforementioned coatings (Coll, FN, FB, and uncoated TCPS) were treated with U-0126 [1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene; Calbiochem, San Diego, CA]. U-0126 specifically inhibits MEK-1/2, thus inhibiting activation of ERK-1/2 (7). At various time points during VIC culture, media was supplemented with U-0126 (5 M) or left untreated. These studies were repeated using an alternative MEK inhibitor, PD-98059 (2Ј-amino-3Ј-methoxyflavone; 5 M; Calbiochem) to confirm the MAPK specificity of these inhibition experiments. For conditions that received multiple days of inhibitor treatment, the U-0126 or PD-98059 was applied every other day until day 5, starting on day 1. In a separate set of experiments, U-0126 was applied at only one time point during the 5-day culture: 30 min, 1 h, or 1 day following cell seeding.
Quantification of nodule number and size. After 5 days of culture in the presence or absence of U-0126 or PD-98059, VIC cultures were stained with Alizarin Red S (ARS) to facilitate quantification of calcified nodules, as ARS stains mineralized deposits red. Cultures were fixed with 10% neutral buffered formalin, stored at 4°C overnight, and stained with a 2% solution of ARS in PBS. Positively stained nodules were manually counted under a microscope (Olympus IX51 with Hamamatsu 285 digital camera and Simple PCI digital imaging software; Compix, Imaging Systems, Cranberry Township, PA). Nodule size was measured using ImageJ software (National Institutes of Health; http://rsb.info.nih.gov/ij/), and photomicrographs were captured under ϫ40 and ϫ100 magnifications.
Quantification of cell number. At time points of 1, 3, and 5 days, VICs were lysed with radioimmunoprecipitation assay buffer [1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 1 mM iodoacetamide, 140 mM NaCl, 10 mM Tris ⅐ HCl, (pH 8.0)]. The amount of DNA in sample lysates was measured via the Quanti-iT PicoGreen assay (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions.
Migration assay. Migration was assayed via a modified fence method (25) , wherein VICs were seeded within 2 mm 2 removable silicone wells, grown to confluency, and then allowed to migrate following the detachment of silicone isolators (defined as day 0). Grid-patterned transparencies were attached underneath plates containing VIC cultures to track cell movement over time. Photomicrographs were taken of the leading edge of cell migration under ϫ40 magnification (Olympus IX51) every 24 h for 5 days. Net cell edge displacement was measured by overlaying time course images and then quantifying migration distance (NIH ImageJ) by measuring the advancement of the leading cell edge subtracted from the migration area recorded on day 0 within a single grid space.
Apoptosis assay. Apoptosis was measured using an ELISA-based HT TiterTACS Assay Kit (Trevigen, Gaithersburg, MD), which detects DNA fragmentation. At days 1 and 5, cells were fixed in 3.7% buffered formaldehyde solution for 7 min, washed with PBS, and postfixed in 100% methanol for 20 min. Following manufacturer's instructions, the cells were permeabilized with proteinase K, quenched with 2.5% H2O2 in methanol, and then incubated with the labeling reaction mix (TdT, Biotin-dNTP, unlabeled dNTP) to label breaks in DNA. Streptavidin-HRP and then TACS-Sapphire were added to the wells to detect apoptotic cells; the reaction was stopped with 2 N HCl, and absorbance was read at 450 nm.
Apoptosis inhibition and stimulation. To better understand the role of apoptosis in VIC calcification, VIC cultures were treated with either 2-20 M M50054 [2,2Ј-methylene-bis(1,3-cyclohexanedione); Calbiochem] or 0.2-2 M methotrexate (Calbiochem) for 5 days and then analyzed for calcification via nodule counts. M50054 directly inhibits apoptosis via mechanisms that block caspase-3 activation (49), while methotrexate is commonly used as an apoptosis-inducing agent.
RNA isolation. Total RNA was isolated using TRI Reagent (Molecular Research Center, Cincinnati, OH), according to the manufacturer's instructions. VICs were lysed with 200 l TRI Reagent per well at 4°C with 50ϫ protease inhibitor cocktail (BD Biosciences, San Jose, CA). The homogenate was stored at room temperature for 5 min to complete the dissociation of nucleoprotein complexes, at which point 0.15 ml chloroform per 600 l TRI Reagent was added to the homogenate, followed by centrifugation at 13,000 g for 15 min. After centrifugation, RNA was precipitated from the upper aqueous phase by adding 0.3 ml isopropanol per 600 l TRI Reagent to the tubes and then centrifuged at 13,000 g for 8 min. After this centrifugation step, the RNA pellet was washed with 75% ethanol and centrifuged at 8,000 g for 5 min. The RNA pellet was air dried and dissolved in 75 l H 2O at 60°C for 15 min. RNA samples were stored at Ϫ20°C until subsequent use.
Quantitative real-time PCR analysis. Custom primers for various markers of cell contractility and osteogenic activity were obtained from Invitrogen (Carlsbad, CA) and are listed in Table 1 . For cDNA construction, 250 ng of original RNA isolated from samples were reverse transcribed using iScript (Bio-Rad Laboratories, Hercules, CA) as per manufacturer's instructions. Samples were processed for real-time PCR analysis by combining 0.5 l of the cDNA construction, 5 M of primers, and SYBR Green SuperMix (Bio-Rad) in a 15-l reaction, as specified in the manufacturer's protocol. For thermocycling, a standard protocol was used: PCR reactions were run over 40 cycles of denaturing at 95°C for 15 s and annealed at 60°C for 1 min; this was followed by a melting curve analysis for 80 cycles of 55°C ϩ 0.5°C/cycle, 10 s per cycle, to further confirm the purity of the final PCR products, with each condition performed in triplicate (iCycler iQ Real-Time PCR Instrument, Bio-Rad). A standard comparative threshold cycle (or ⌬⌬C T) method was used to analyze the PCR data. The CT of all samples were first normalized to ␤-actin as an internal control, and then the ⌬CT values for experimental samples were further normalized to the negative control (VICs on Coll, which represented a noncalcifying condition).
Statistics. All experiments were performed a minimum of three separate times, with n Ն 3. Data were compared using ANOVA with Tukey's honestly significant difference post hoc test. P values Յ 0.05 were considered statistically significant. Data are presented as means Ϯ SD.
RESULTS

Generation of calcifying and noncalcifying VIC cultures.
Consistent with the findings in Ref. 42 , culture of VICs on FN or Coll was associated with significantly less calcification than that obtained with VIC cultures on FB or TCPS (P Ͻ 0.0001). Thus the use of Coll or FN as a culture substrate enabled the culture of relatively noncalcifying VICs, while culture on FB produced highly calcified samples, and culture on TCPS functioned as not only a standard control, but was also associated with a high amount of calcification ( Fig. 1 and Ref. 42) .
Activation of intracellular signaling pathways. Having generated VIC samples that contained either little or extensive calcification, ERK-1/2 activity was measured at various time points following cell seeding (30 min, 1 h, 1 day, and 5 days) to investigate how these cell populations differed from each other on a molecular level. As shown in Fig. 2 , the correlation observed between nodule numbers and ERK-1/2 activation was time point dependent. Namely, at later time points, most notably at 24 h following cell seeding, the more calcified conditions (FB, TCPS) had significantly greater ERK-1/2 activity than the less-calcified conditions (Coll, FN) .
Inhibition of ERK-1/2 activation affects VIC calcification. As seen in representative photomicrographs of VIC cultures (Fig. 3) , blocking the ERK pathway via the application of U-0126 led to a significant decrease in the number of nodules formed in all ECM-coated conditions. These qualitative observations were supported by quantitative data describing nodule number, size, and total calcified area per well (Fig. 4) . Treatment with U-0126 decreased both nodule number (Fig. 4A ) and average nodule size (Fig. 4B) relative to untreated controls for each substrate. Total calcified area, which was obtained by summing the area of all individual nodules in each well, also significantly decreased upon administration of U-0126 (Fig.  4C) . Overall, blocking ERK-1/2 activation via administration of U-0126 resulted in consistent inhibition of nodule formation across all culture conditions. Figures 3 and 4 demonstrate that similar calcification-inhibition effects were achieved via application of an alternative MEK inhibitor, PD-98059. The potent inhibition of nodule formation by two separate MEK inhibitors suggests that these effects were MAPK specific and not due to potential off-target effects of the inhibitors. Only the U-0126 inhibitor was further explored in subsequent experiments.
Nodule formation was also assessed following U-0126 application at varying time points. Specifically, U-0126 was applied once to VIC cultures at 30 min, 1 h, or 1 day after cell seeding, replaced by fresh culture medium after 12 h, and then nodule counts on these samples were performed at the standard day 5 end point. As demonstrated in Fig. 5 , nodule formation was significantly reduced only when ERK-1/2 activation was inhibited at the 24-h time point. Consistent with the trends identified in Fig. 2 , blocking ERK-1/2 activation at early time points (30 min, 1 h) did not impact VIC culture calcification.
Impact of ERK pathway inhibition on cell number, migration, and apoptosis.
The MAPK/ERK pathway can affect many cell processes that may contribute to calcification (24) ; thus the impact of ERK inhibition on VIC proliferation, migration, and apoptosis was examined. Since the purpose of these experiments was to investigate how U-0126 lowered nodule number, these studies focused on conditions in which nodules were consistently formed, namely FB and TCPS. As shown in Fig. 6 , administration of U-0126 decreased the number of cells on both TCPS and FB surfaces. Meanwhile, Fig. 7 indicates that the decreased calcification levels observed upon U-0126 treatment were not due to changes in migration. Migration of VICs treated with U-0126 was statistically similar to migration of untreated VICs at all time points up to 5 days. Lastly, a strong correlation was observed between inhibition of ERK-1/2 activation (via U-0126) and apoptosis. Specifically, by day 5, cultures that received U-0126 had drastically reduced levels of apoptosis (Fig. 8) .
Because of the dramatic decrease in apoptosis levels in U-0126-treated cultures, the role of apoptosis in VIC culture calcification was further explored via the application of a direct apoptosis inhibitor (M50054) to calcifying cultures (FB, TCPS) or an apoptosis inducer (methotrexate) to noncalcifying cultures (Coll, FN). As shown in Fig. 9 , direct inhibition of apoptosis was indeed sufficient to significantly decrease nodule formation on both TCPS and FB in a dose-dependent manner. Meanwhile, induction of apoptosis on Coll and FN did not promote the formation of nodules on those surfaces (not shown).
Impact of ERK pathway inhibition on cell phenotype. The expression of various phenotypic markers (Table 1) was quantified via real-time PCR to examine whether VIC differentiation to a contractile or osteoblast-like phenotype was related to calcification trends. Calcifying VICs often express markers related to a myofibroblast phenotype [i.e., ␣-smooth muscle actin (␣-SMA), RhoA, matrix metalloproteinase-13 (MMP-13)] and/or markers related to osteogenic differentiation [i.e., alkaline phosphatase (ALP), osteocalcin (OCN), CBFa-1] (24, 31, 34, 35, 39, 42, 48) . Expression of transforming growth factor-␤ (TGF-␤ 1 ) can be associated with either one of the dysfunctional VIC phenotypes (myofibroblast or osteoblast). All data were normalized to ␤-actin and then to a noncalcifying control. Figure 10 reveals that trends in calcification were closely matched by changes in the expression of myofibroblastic and osteoblastic markers. In Fig. 10A , it is seen that culture of VICs in a calcifying environment (in this case, culture on TCPS) was associated with strong upregulation of MMP-13, ALP, CBFa-1, OCN, and TGF-␤ 1 on day 5 relative to the negative control environment. Mimicking the results obtained for nodule number, addition of U-0126 to VICs on TCPS significantly decreased the expression of MMP-13, ALP, CBFa-1, and TGF-␤ 1 relative to untreated TCPS. In the cases of CBFa-1 and TGF-␤ 1 , U-0126 treatment reduced the expression to levels that were almost identical to those found for the negative control.
VICs on FB (Fig. 10B) did not follow the aforementioned trends quite as cleanly as those on TCPS, but did still display evidence of myofibroblast/osteoblast activity that was decreased upon addition of U-0126. Specifically, culture of VICs on FB led to an increase in the expression of RhoA, MMP-13, ALP, OCN, and TGF-␤ 1 relative to the negative control. Addition of U-0126 to VICs on FB then decreased the expression of RhoA, ALP, and TGF-␤ 1 relative to the untreated FB condition.
DISCUSSION
The characteristics of explanted diseased valves have been described in recent years: they contain cells that exhibit markers of myofibroblast or osteoblast-like phenotypes, they are rich in inflammatory cytokines and osteogenic growth factors, and they possess grossly altered ECM arrangement (14, 16, 19, 26, 27, 30, 39). However, because most of this information comes from end-point analyses of diseased valves, the molecular mechanisms and signaling pathways that underlie these changes have not been fully examined. Several studies have implicated the Wnt/Lrp5/␤-catenin and Runx2/Cbfa1 pathways, which are involved in osteogenesis, as positive regulators of valve calcification (3, 28, 30, 38, 46) . However, it is unlikely that the complex process of valve calcification can be fully explained by analysis solely of these two pathways.
Thus this study has focused on better understanding the role of the MAPK/ERK pathway in VIC calcification. The MAPK/ ERK pathway regulates various cellular functions, such as proliferation, migration, transcription, and apoptosis (41) . As noted earlier, ERK is also an important regulator of mineralization processes in many different tissues (6, 13, 22, 43, 44, 52) and has recently been linked to the presence of calcification in explanted human valves (1). The first step in this study was the creation of culture environments, which represented different levels of VIC calcification, as investigating the differences between a calcifying VIC culture and a noncalcifying VIC culture first requires that each of those conditions be generated. Pulling from our laboratory's previous work in this area (29, 42) , noncalcifying conditions were created via culture of VICs on either Coll or FN coatings, whereas calcifying conditions were obtained via culture of VICs on either unmodified TCPS or FB coatings. Because the calcifying vs. noncalcifying conditions created for this work were achieved via adsorption of different protein coatings to the culture substrates, it is likely that integrin-initiated events underlie many of the observations made herein. Regardless of specific integrin roles, however, the results in this work still clearly demonstrate that VIC calcification is strongly impacted by ERK pathway activity. Measurement of ERK-1/2 activation (Fig. 2) supported the hypothesis that differences in VIC calcification were associated with changes in ERK-1/2 activation, although with conditions: while ERK-1/2 activation levels at day 1 and 5 time points did correlate with calcification trends, ERK-1/2 activation levels at short-term time points did not. The importance of ERK-1/2 activation at the longer term time points was further emphasized by an ERK inhibition experiment, which demonstrated that ERK pathway inhibition was successful in reducing nodule formation only when performed at one of the later time points.
In the present study, blocking ERK-1/2 activation (via U-0126 or PD-98059) caused a universal and dramatic decrease in the number of calcific nodules. The decrease in calcific nodule number occurred concurrently with a decrease in average nodule size, resulting in a greatly diminished total calcified area for all conditions. As noted earlier, ERK pathway activity has been associated with increased mineralization in various vascular cells (6, 13, 22, 43, 44, 52) . Thus the results of the present study are highly consistent with published findings related to MAPK and the calcification of several vascular cell types. However, one recent publication did find an inverse relationship between MAPK and ␣-SMA, a myofibroblast marker often associated with increased VIC calcification. In that study, blocking ERK in VIC cultures was associated with increased amounts of ␣-SMA (5). However, it is challenging to draw direct conclusions about nodule formation or calcification solely from ␣-SMA expression. VICs frequently express ␣-SMA without forming nodules or calcifying (4, 29, 42) . Moreover, VIC dysfunction is much more closely tied to ␣-SMA organization (i.e., whether it is arranged in stress fibers) than the level of ␣-SMA expression; this is also the reason that ␣-SMA was not included in the PCR-based phenotype panel in the present study. Thus, despite a previous report that ERK inhibition stimulated production of a marker that may be related to increased VIC calcification, the extensive nodule characterization and phenotypic analysis in the present study strongly points toward ERK inhibition as a potent method to decrease nodule formation in VIC cultures.
Analysis of VIC cell number, migration, apoptosis, and phenotype after U-0126 treatment revealed that the noduleinhibiting actions of U-0126 were at least partly attributable to changes in apoptosis and VIC phenotype. Formation of dystrophic nodules in VIC cultures is associated with substantial increases in apoptosis, and apoptosis was significantly decreased in U-0126-treated cultures. Application of a direct apoptosis inhibitor to VICs cultured in procalcific environments (FB or TCPS) resulted in a significant decrease in nodule number, thereby demonstrating that a certain level of apoptosis was necessary for the formation of nodules in these cultures.
The hypothesis that apoptosis inhibition preceded the reduction of VIC nodule formation is further supported by the results in Ref. 33 , which demonstrated that increased apoptosis precedes calcification in smooth muscle cell cultures, and that these apoptotic bodies may act as nucleating structures for calcium crystal formation. Moreover, an apoptosis assay performed by our group at 1 day postseeding (before nodule formation; data not shown) revealed that apoptosis on the minimally calcifying surfaces was lower than that found on TCPS and FB, which also supports the conclusion that inhibition of apoptosis can lead to decreased nodule formation. However, our findings do somewhat contradict those documented by Jian et al. (16) , who found that apoptosis inhibition reduced calcification, but not the formation of nodules. It is possible that these differences arose from the different source of the VICs, timing of inhibitor application, type of inhibitor used, and timing of end-point nodule analysis.
The decreased cell number with U-0126 administration was not due to an increase in necrotic cell death (data not shown), nor an increase in apoptosis ( Fig. 8 shows a decrease in apoptosis), and was thus likely due to decreased cell prolifer- ation. VIC differentiation to a myofibroblast phenotype is often associated with an increase in proliferation (24) , and cell proliferation is considered a hallmark feature of aortic valve disease (37) . Although the images in Fig. 3 suggest a sparser cell population on untreated TCPS and FB relative to U-0126-treated conditions, Fig. 6 provides quantitative evidence against this observation. A high density of viable cells is found in the nodules and precalcific "ridges" formed in VIC cultures (42, 50) , and the three-dimensional nature of these cell-rich nodules can lead to the appearance of low culture confluency, despite high cell numbers. Overall, the present findings that calcified cultures were associated with both increased apoptosis and increased proliferation are consistent with many previous studies (28, 37, 40) . Ultimately, however, it remains to be discovered whether the reduction of VIC proliferation, such as that achieved upon treatment with U-0126, can directly influence the ability of VICs to form nodules in these cultures. The highly calcifying, untreated TCPS condition had a similar number of cells at day 5 as the minimally calcifying Coll and FN substrates (not shown). Thus, while the proliferation data help us to better understand the impact of ERK pathway inhibition on VIC behavior, it is not yet clear how to directly relate this information to nodule formation.
Lastly, ERK pathway inhibition exhibited a powerful effect on VIC phenotype. Numerous myofibroblastic and osteoblastic markers were elevated in calcifying VIC cultures, but treatment of those cultures with U-0126 rendered them more phenotypically similar to the noncalcifying VIC condition. Thus, even though VICs were placed in an environment that normally promotes nodule formation and emergence of osteoblast-like and myofibroblastic VIC phenotypes, inhibition of ERK activation was able to preserve the more quiescent, noncalcifying VIC phenotype.
Conclusions. Development of therapies for the prevention and treatment of calcific valvular disease would be greatly facilitated by better understanding valvular disease on a molecular level. Our current work clearly demonstrates that the MAPK/ERK pathway is involved in the process of VIC calcification and that inhibition of this pathway can dramatically reduce calcification and help VICs to maintain a relatively quiescent phenotype. Of course, the ERK pathway does not act in isolation, as many other pathways intersect with or run parallel to ERK (10) . Nevertheless, it is hoped that these findings may be applied to elucidating the etiology of valve calcification, identifying targets for blocking calcification, and designing biomaterial environments for the creation of engineered valve tissue.
